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The phase lock loop integrating filter in the NASA standard deep space transponder
has suffered in reliability due to the malfunctioning of feedback capacitors. In this paper
an alternative design, using a digital filter, is presented which eliminates these critical
components. This filter can also be used in other flight and ground equipment utilizing

phase lock loops.

I. Introduction

In the present version of the NASA deep space transponder
the phase lock loop intégrating filter has an extremely long
time constant of 3000 seconds. The electronic circuit which
realizes this consists of an operational amplifier with a large
(11.6 wf) feedback capacitance. These capacitors are critical
as any leakage current can drastically affect the pole location
of the desired transfer function. Unfortunately, the capacitors
have not been extremely reliable, causing a degradation of the
loop performance. This article discusses a digital implementa-
tion of the integrating filter and, although capacitors are not
eliminated, the capacitances are much smaller and used in an
antialiasing filter where the filter requirements are less critical.
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ll. Analysis of the Linear Integrating Filter

The large feedback capacitance is a consequence of the
specified filter transfer function
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where d is the loop damping, W is the loop noise bandwidth,
K is the open loop gain and A is the rms signal amplitude. For
the deep space transponder 7, ~ 0.083 seconds and 7, = 3000
seconds.

A differential input integrating filter circuit similar to the
one in the transponder is shown in Fig. 1. The transfer func-
tion for this circuit is
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Since A4 is large (3 * 10%) and the ratio R /AR, is small, then
Eq. (2) simplifies to
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This equation can be rearranged to resemble Eq. (1)
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For 7, = 3000 seconds Eq. (5) implies a large value for C.
For example, in the present transponder filter design Ry is
realized using a T-network (not shown in Fig. 1) to achieve a

value of 260 MQ2. However, even this resistance summed with
the 7.5 kQ) resistance chosen for R, requires a steep capaci-
tance of 11.6 uf which, in practice, requires two 5.8-uf capaci-
tors in parallel. Unfortunately, even small leakage currents in
these capacitors can produce large changes in the circuit
transfer function. Therefore alternative designs which reduce
or eliminate the capacitors are worth considering. One such
design using a digital filter performs the integration using
binary additions and multiplications. No large capacitances
are required, and where capacitors are used their leakage effect
on the transfer characteristic is much less than for the present
circuit.

lll. Digital Filter Design

In order to preserve the transient response of the linear in-
tegrator an impulse-invariant, infinite impulse response, digital
filter structure was derived as follows. The impulse response
of the linear filter
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was set equal to the desired digital filter output at each sam-
pling interval; i.e.

h(n) = h(t)] fonT - )

Then the z transform of the sampled impulse response was
determined
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and from this system function the digital filter structure can
be drawn (Fig. 2). The choice of the sampling interval T
depends on the precision with which the coefficients can be
represented in the filter hardware (i.e., register width) and the
antialiasing filter requirements. The latter is needed to attenu-
ate signal frequencies above the Nyquist rate, f,/2 (=1/27).
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IV. Implementation

Figure 3 shows the schematic diagram for the digital filter
and its associated circuits, The left-most operational amplifier
is used for scaling and retains the differential input configura-
tion of the original linear filter. The second op-amp serves as
an antialiasing filter using a 3-pole Butterworth low-pass filter
design. The cutoff frequency of 1 Hz was chosen so that alias-
ing from frequencies greater than 10 Hz are attenuated by at
least 54 dB and therefore are less than the least significant bit
of the digital filter’s 9 bit digital-to-analog converter.

The analog-to-digital conversions, digital filtering and
digital-to-analog conversion are all performed by an Intel 2920
digital signal processing integrated circuit. A functional dia-
gram is shown in Fig. 4. The 2920 is the most compact of the
digital signal processors available as it incorporates a digital-to-
analog converter (but not the voltage reference) on the chip
along with the usual digital components such as an ALU,
registers, etc. The filter structure is realized in software stored
in an erasable memory capable of holding 192 instructions.
Approximately 35 instructions are needed to convert the
analog signal into a 9 bit binary representation. The reverse
process requires another 15 memory locations. In addition, a
“correction curve” was programmed to minimize the errors
resulting from the nonlinear output of the 2920’s sample-
and-hold buffer (for a discussion of this problem see Ref. 1).
Also, a software timer was included in order to execute the
filter code at the appropriate submultiple frequency of the
2920 hatdware clock. The submultiple frequency was set

equal to the sampling frequency of 20 Hz. Figure 5 shows an
excerpt of the 2920 code listing the digital filter structure.
Although the internal register width of the 2920 is 25 bits,
this was not of sufficient accuracy for representing the pole
coefficient, so much of the filter computation was done using
two registers for each variable (extended precision).

The op-amp to the right of the 2920 is used as an adjust-
able-gain voltage follower. A fourth op-amp provides a precise
reference voltage for the 2920’s digital-to-analog converter.

V. Performance

The circuit was tested for its step response and frequency
response. The output for a 0.75-volt step input was recorded
over a 3-hour period at 5-minute intervals and compared with
the ideal response to the linear integrator. The maximum error
(excluding near-zero values seen during the first minute and
attributable to offsets, etc.) was 1.5 percent. Frequency re-
sponses of the digital and ideal filters are shown in Fig. 6. It
was not possible to test the filter in a loop due to budget
restrictions.

VI. Conclusion

It appears possible to replace the present linear integrator
in the NASA deep space transponder with a digital filter that
is not as susceptible to capacitor reliability problems as are the
filters presently used.
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Fig. 1. Simplified schematic of the deep space transponder integrator
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Fig. 2. Digital filter structure for integrator
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Fig. 4. Block diagram of 2920 signal processor
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- LDA @ ORR. RAZ INPUT SCRLED HERE

s =l 12TEER00ATAR
AD . 3. FL3

i =0 1256152580
SUE o BAR, ROZ

i H=L DEEERATLALA++IHDAR
ADD & B, kB

i U=l DBEPISA8 18T DAR
ADD 0 B, RBE

i B=d GEPLNIE LB TeDAR
CUR 0.4, rEd

i =t B1E0RLL BT DAk
; END OF MACRD ADCONY

Ap

+SUB MULTIPLE SAMPLING TIRER

SUB CNT. KRL

Fie SUBTRACT o, GOB2RRGGL FROM CNT
LDA DAR, HT. @
¥
Fn

i g

i A0VE COUNT (CNT» TO DAF TO CHECK SIGM

9 CHDG. IF HESATIVE COUNT RE-INITIALIZE TO 39%
e CHDE: CONTINUE BUILDING IMITIALIZATION St

LDA ENT, KPS,
ALD CNT. %P5,
HOP

2

¢ LOW-PRSS FILTER
i POLE SECTION
JURDATE TNPUT AND DELAY EVERY 120 TH OF A SECOHD

LDH OUTL_ P, QUTE P, ROE, CHES: UPDRTE DELAY (UPPER WORD)
LDA QUTL_PAE, GUTAF Ly, R, CHOS BPFOATE DELAY CLOWER MOFD:
LDR INB_PL 0 ROQ, CHOS, URDATE THPUT

- LOMER WULTIFLICSTION

LDA QUTO_PLY, BUTL_PLY, Rae

i QUTE_PIN=R, 9130250000-0LT1 FL.
SR QUTA_PLY, OUTLFLX, REL

i DUTA_PLE=-0. 42437 S8RAUTL_FLY
SUB QUTE_PAY, OUTA_PLM, #aY

¢+ DUITA_PLE=-8 42858032+0UTI FLL
SR QUTE_PLY, DUTL_FLY, Rid

i QUTA_PAN=-B S4I0268240UTL_PLX
ADD QUTB_PLY, DUTA_PLX 12

i QUTO_PLM=-8, S43Z223a0UTLI_F1i4

L UPPER MULTIFLICATION

Fig. 5. Excerpt from digital filter Instruction sequence
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SR QUTAFL. g

;T Ple-
S OUTA_PL 0

nuo CARPY FROM LOWEF MORD TO LPRER WORD
LOA Q. OUTE_PLY, Rt

AMD 9. ¥R REG

SR CUTR_PLY. 5, P23
LR 008,712

AbD QUTO_PL G R1a

L”UFP FRODUCT FIR=T

LDA QU9 R 0
LDH QUTE_ LA O

HE”T COFY URRER RRODUCT

LDH COPy. QUTE_F L, Fod

THEH SCALE BACK LRFER PRODUCT
LDH QUTA_FL. QUTE_PL. RY7
LDH OUTA_P. OUTE_FL, Fad

5EEEHTE WRSK TO COPY BITS FROM UPRER PRODUCT

LDA MASK. KP7. R13
ADD MASK, KP7. 18
RDD MASK, ¥PT. RET
ADT: MASK. ¥PT, RO
DD MASK. KPT. REL
LOA MASK, MASK. Ras

FﬁP? BITS FROM UPPER PRODUCT AMD SHIFT TO LOMER PRODUCT POSIT

HN“ COPY. MASK. &
LOR COPY. COPY, D_

u

Fig. 5 (contd)
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LDR COFY. [OPY 182
LER COPY. TORY. LR
LDR COPY, COPY, L8Z

'

DD CORY T SCALED OobN LOWER WORT: ADD ANY CAREY TO UFPER WORD

ADD GUTA_PLY, COFY, REa
LGA 0, 0078 _ R4 B3
AN B, KR4, R

SR QuTa_r

LOR & 0Pl
AL CUTA_RL. 3 R

i

HﬂU ADG DELPYED WRLUE TO SCRLEL-2RCH OEL

HDD ‘:"..‘T;'..'}_Fll.l AT FLY, Fad
LOR 0, QUTA_PLE Pad
ARD 0. KPR

SUB OUTA_PLY &, RIS
A0D QUTE_FL.QUTL_ P4 BA0

LOA @ 0. RiZ
AOD QUTA_PL & R0

:HHD FIMALLY ACD TWPUT SAMPLE To 3Un

qnp AUTA_FL, THA_PL R
LDA 9 JTa_Fiv Fal

ML Q. ¥Rd, Bag
SUR OUTH_PLk 1 FaE
LER 2 p.\

WDUUJJLMQﬁ

. CERD SELCTION

‘NB__L EQl DuT9. Ry
THL.ZL EQU QUTLLRL
LDR OUTB_ZL. INL.ZL, RBE

o QUTB_Z1=0 9156250066 (N1 _21
ADD OUTG_Z1, 0uT9 71, L32

i QUTR_Z1=0, 72123008+ INL.21
ARD GUTB_21. TN1_ 71, Rag

. DUTB_Z1=0, §eQE7EL5
RDD OUTS_Z4, GUT8.Z4 li

p QUTO_ZL=0 B3R1172244 INL 21
SUB OUTE.24. CUTA_ZL, Ll

i UTE_Z1=~R, BEBLLT204eTHL 21

AYED

WAL

JE

Fig. 5 (contd)
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;o QUTE_Z 1= @ ;
ADD DUTY_Z3. THB_ZL, FAd
§OUTA_Z1=-0 BEE0TETL~ INLZL+1. BOONaRGRs [NE_21

Fig. 5 (contd)
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Fig. 6. Frequency response of the linear integrator and the ideal filter
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